This paper recalls the main features of the TAURO blanket, a self-cooled Pb-17Li concept using SiC/SiC composites as structural material, developed for FPR. The objective of this design activity is to compare the characteristics of present-day industrial SiC-SiC composites with those required for a fusion power reactor blanket and to evaluate the main needs of further R&D. The performed analyses indicated that the TAURO blanket would need the availability of SiC/SiC composites approximately 10 mm thick with a thermal conductivity through the thickness of approximately 15 Wm − 1 K − 1 at 1000°C and a low electrical conductivity. A preliminary MHD analysis has indicated that the electrical conductivity should not be greater than 500 V − 1 m − 1 . Irradiation effects should be included in these figures. Under these conditions, the calculated pressure drop due to the high Pb-17Li velocity (approximately 1 m s − 1 ) is much lower then 0.1 MPa. The characteristics and data base of the recently developed 3D-SiC/SiC composite, Cerasep ® N3-1, are reported and discussed in relation to the identified blanket design requirements. The progress on joining techniques is briefly reported. For the time being, the best results have been obtained using Si-based brazing systems initially developed for SiC ceramics and whose major issue is the higher porosity of the SiC/SiC composites.
Introduction
The use of a low-activation (LA) ceramic-matrix composites (CMC), and, in particular, of SiC/SiC composites, as structural material appears essential in demonstrating the potential of fusion power reactors (FPR) in terms of safety.
For several years, a self-cooled-type breeding blanket using Pb-17Li as liquid metal for cooling and tritium breeding, and SiC/SiC composites as structural material has been proposed by CEA [1, 2] . The main objective for this blanket, the TAURO blanket, is to permit, at least in principle, FPR passive safety due to the very low energy stored in such a system, limiting the amount of radioactive material release during severe accidents. This paper gives an overview on the most recent TAURO blanket design activities includ-ing, in particular, new MHD analysis and blanket manufacturing sequence, on the out-of pile properties of the best performing 3D SiC/SiC composite, the Cerasep ® N3-1, and on the status of the SiC/SiC joint techniques.
TAURO breeder blanket design and manufacturing sequence
The design is based on the FPR specifications defined for the SEAFP study [3] , such as fusion power of 3000 MW, neutron and heat wall loading respectively of 2 and 0.5 MW m − 2 , and 5 years of full-power continuous operation. The reactor has 16 toroidal field coils and 48 outboard and 32 inboard segments (approximately 10 m high).
The TAURO blanket is essentially formed by a SiC/SiC box with indirectly-cooled FW which acts as a container for the Pb-17Li which has the simultaneous functions of coolant, tritium breeder, neutron multiplier and, finally, tritium carrier. The maximum Pb-17Li velocity is approximately 1 m s − 1 occurring in the first Pb-17Li channel just behind the FW.
The design activities have focused on the outboard blanket. Each outboard segment is divided in the poloidal direction in three straight 3.5 m high modules, attached on a common thick backplate but cooled independently. Bent modules could be envisaged at a later stage. Each module is divided in the toroidal direction into five submodules, each of them supported by the back plate and cooled in parallel through a common top horizontal collector formed by two levels, one for the inlet and one for the outlet flow.
The feeding pipes are located behind the module. Within each sub-module, the Pb-17Li flows, at first, poloidally downwards (6 =1 m s ) for entering in the outlet collector. Such a flow scheme and sub-module geometry is shown in Fig. 1 . From this figure, it is clear that some toroidal plates (stiffeners) are required for reinforcing the sub-module box in order to enable it to withstand the Pb-17Li hydrostatic pressure (maximum estimated to approximately 1.5 MPa). Stiffeners also have the functions of Pb-17Li flow separators. The FW thickness and protective layer, as well as the back-plate fabrication are discussed in more details in [2] .
A preliminary fabrication sequence has been determined for a sub-module [2] , taking advantage of the industrial experience gained on SiC/ SiC composites in other non-nuclear fields. The different basic components have to be manufactured and then assembled as shown in Fig. 1 . Assumed joining techniques (i.e. assembling during manufacturing at a textile or intermediate densification stage and/or brazing between finished components) require, in order to be efficient, a relatively large-surface support. Therefore, stiffeners are manufactured with a T-shape or an L-shape surface at each end.
Main characteristics of present-day industrial SiC/SiC composites
Recently developed by SEP, a 3D SiC/SiC composite-the Cerasep ® N3-1-was industrially manufactured in 1996 [4] . The TAURO manufacturing sequence described in the previous section is based on the use of this new 3D-product. Cerasep ® N3-1 is based on an advanced texture, namely GUIPEX ® . This is a multilayer 3D texture in which a third texture direction, created by linking the layers during weaving, avoids delamination risks when shaping and densifying the parts. Furthermore, GUIPEX ® texture permits the manufacture of parts with very complex shape. Cerasep ® N3-1 has the same raw components as the previous 2D version [4] , i.e. NL207 Nicalon fibers and SiC matrix (CVI process). Therefore, most results of tests obtained for 2D-materials, such as compatibility tests, can be extended to this new 3D-material.
As measured by SEP, the main characteristics are given in Table 1 . A set of measurements of thermal conductivity performed at CEA confirmed the values given in the table. The results are given in Fig. 2 , where data obtained in a previous experiment made on early-stage material samples [2] are also shown for comparison.
Comparing the available Cerasep ® N3-1 characteristics with the evaluated TAURO requirements, the following high-priority R&D needs have been identified: Thermal conductivity. Despite the obtained improvements compared with the previous 2D-composites, the Cerasep ® N3-1 does not have 3D homogeneous properties due to the lower number of fibers in the third direction (z-direction). In particular, at 1000°C the out-of pile thermal conductivity is 15 W m
− 1 in the plane and a factor two lower in the z-direction. The impact of neutron irradiation still has to be checked.
Electrical conductivity. In order to avoid significant MHD flow distortion and pressure drop, it is important to have a sufficiently low electrical conductivity even after long term neutron irradiation. Available data for SiC/SiC composites are not sufficiently reliable. New measurements are therefore compulsory (Section 3).
Composite thickness. From the fabrication point of view, the present limit in terms of obtainable thickness is approximately 6 mm. On the other hand, the new 3D-composites allow components with large dimensions (i.e. few meters) to be measured with relatively complex shape such as two-curvature pieces.
Porosity. Present values of approximately 10% are too large for Helium-cooled blankets [5] ; the requirement for TAURO-type blankets (Tpermeation) has not yet been evaluated but are expected to be less severe.
Compatibility. No compatibility problem with Pb-17Li has been identified for stagnant Pb17Li at 800°C using the 2D-SiC/SiC composites [6] . However, tests for large Pb-17Li velocity (up to 1 m s − 1 ) are still to be performed. Several joining techniques are under development which include: (1) assembling by sewing at textile stage; (2) sticking and coinfiltration during manufacturing; (3) brazing with evolved special system, namely BraSiC ® , which was initially developed for bulk SiC; (4) pre-ceramic polymer SR350 with filler powders [7] .
In particular, the brazing systems called BraSiC ® solders, contain a sufficient amount of silicon to prevent any reactivity with SiC substrate, to promote a good wetting and to induce some infiltration in the composite. Silicon is associated with a 'reactive' element to perform the joint. 'Reactive' elements, such as Ti, V and Cr, are under investigation due to their low activation properties. Several joints have been performed on a 2D SiC/SiC material with a high porosity level. Using a BraSiC ® Ti-Si system and a brazing temperature close to 1350°C, an effective joint has been obtained with limited infiltration. This system is currently the most promising. On this joint, tensile testings up to 1200°C are in progress.
However, high open porosity of the composite and Si-free content have been shown to be the main limitations for brazing.
TAURO outboard segment analyses
Applied design rules are the same as those used in the ARIES project [5] , i.e. (1) SiC/SiC maximum operating temperature of 1100°C; (2) primary stresses are limited to 140 MPa; and (3) secondary stresses are limited to 190 MPa. In TAURO, the thermal criterion is the most difficult to meet due to the relatively low thermal conductivity through the thickness (z-direction) of the present-day industrial SiC/SiC.
As the relatively recent availability of data for the Cerasep ® N3-1, the data used for the basic design analysis are those corresponding to 2D-SiC/SiC composites [4] assuming an improved thermal conductivity in z-direction up to the level of that for the other directions (15 W m
at 800°C) and of an improved manufacturing procedure permitting to obtain a thickness of, at least, 10 mm. Even if the number of required joints is minimised, the availability of an efficient
Status of joining technology
Limitations occur in assembling complex-geometry SiC/SiC elements due to the fact that: (1) welding is not possible due to SiC-NL207 fibers partially losing their mechanical properties as a result of the presence of tramp properties (i.e. oxygen) before reaching the melting temperature; and (2) diffusion bonding does not seem suitable as the inter-diffusion of SiC is very low, even at high temperature. 
where L is the channel length, | is the Pb-17Li electrical conductivity, 6 av is the fluid average velocity, B is the magnetic field induction, M is the Hartmann number (= B a (|/p) 1/2 where p is the fluid viscosity), i is the ratio of the inner to the outer channel ratio and f(i) is a function accounting for the annular geometry with a maximum at i= 0.88. This formula is valid for large values of M. As far as the velocity profile is concerned, the results indicate that the velocity increases from y=0 to its maximum at y= i, and then decreases to zero as y approaches unity. This fact is somewhat troubling, as y= 1 is the point receiving the maximum heat load.
However, for the TAURO blanket i= 0.91. As seen in Fig. 4 , a velocity rise at y=i is clearly visible, however, since yB i for the majority of the channel, this rise occurs very close to the surface. It is likely that the jet of velocity in region 2 will help to cool this region of high surface heat load. The rapid reduction of the core velocity to zero at exactly y=1 is still present. However, the layer thickness over which the velocity is less than the average velocity is very thin, probably thinner than the higher order boundary layer already present (which is of the order M − 1/2 ). Thus, this particular geometry and aspect ratio seems well suited to first wall cooling, as the flow is distributed in such a way as to maximise convective cooling at the highest heat flux.
Using the above equation for fully developed pressure drop valid for insulating walls in the TAURO FW channel, assuming B =7 Tesla, the pressure drop is limited to approximately 0.025 MPa. This means that the total FW pressure drop is likely to be dominated by the 3D effects and the main structural stress will be exerted by the Pb17Li hydrostatic pressure.
An estimate of the electrical conductivity at which current flow in the walls begin to affect the flow field and pressure drop in the FW coolant can be determined by looking at the ratio of the wall conductance to that of the Hartmann layers:
. Here t w and | w denote the thickness and the electrical conductivity of the walls, and the subscript f is added to denote the joining technique (e.g. brazing, see below) has been assumed.
Blanket performances
The results of detailed analyses are given in [1, 8] . In summary, the 1 D-geometry neutronic analysis has shown that this blanket has a sufficient margin for reaching Tritium breeding self-sufficiency. Mechanical, thermal, and thermomechanical analyses made for the outboard segment mid-plane have shown that this design fits with the criteria given above, if thermal conductivity through the FW thickness is assumed to be 15 W m − 1 K − 1 at 1000°C. If the data shown in Fig. 1 are assumed, the maximum temperature largely exceeds 1100°C for a FW thickness of 10 mm. As discussed above, the possibility of reducing the FW thickness has to be investigated.
Thermo-mechanical evaluations of the stresses for joints between sub-module side-wall and bottom cap (whose shape has been optimised) have lead to the maximum value of 60 MPa. This is the minimum value the brazing joint can withstand presently under development.
MHD analysis for the Pb-17Li front channel
Starting from the dimensionless equations governing 2D, fully developed MHD flow in the geometry described in Fig. 3 (x = X/a and y = Y/ a, where a is the outer channel radius) assuming electrically insulating walls, the leading order for the pressure drop can be written as [9] : D p = L | fluid quantities. When F is much less than one, the Hartmann layers are the main conductors of the return current, and therefore the wall conductivity has no effect on the flow. Using values from Pérez Ramirez [1] and Coen et al. [6] , the maximum wall conductivity can be estimated corresponding to F = 1 as | w, max =500 V − 1 m − 1 (for comparison, martensitic steel electrical conductivity at 300°C is approximately 1.3× 10 6 V − 1 m − 1 ). Electrical conductivity measurements on the Cerasep ® N3-1 will have to be performed in order to verify this point, also taking into account that neutron irradiation tends to increase the electrical conductivity of insulators. In this event, the wall conductivity becomes significant (F \ 1) and a rough estimate of the pressure drop can be obtained by multiplying the previous value by (1+ F).
Conclusions
The studies performed so far on the self-cooled Pb-17Li breeding blanket TAURO have shown that 3D-SiC/SiC composites are promising structural material candidates for use in blankets of a passively-safe fusion power reactor. In particular, the use of the new Cerasep ® N3-1 composite allows the complex shape of the basic TAURO modules to be manufactured.
The detailed analyses performed for the TAURO outboard blanket have permitted the evaluation of the priorities for future required R&D on SiC/SiC composites associated with this blanket concept. The results obtained indicate that the main efforts have to be focused on improving the composite thermal conductivity through the thickness and on assessing its electrical conductivity.
Besides these specific items, other identified design-independent issues are: (1) the development of appropriate joining techniques, for which promising activities are underway within the EU; and (2) the composite behaviour under irradiation. In this respect, recent irradiation experiments [10] have indicated that a significant benefit is obtained when using SiC/SiC composites with low-oxygen-content fibers ( 0.5%). Such advanced fibers also lead to improved composite properties at temperatures higher than 1000°C.
